The present report studies synoptic-scale variations of the polar air-mass transformed over the Japan Sea, during the ''East Japan Sea Observation'' in the winters of 1976 and 1977. Rawinsonde observation data at a research vessel are used, in addition to data at operational upper observation stations and the objective analysis data.
Introduction
During winter, intense radiative cooling over the northern part of the Asian Continent forms the predominant Siberian anticyclone. The polar continental Siberian air-mass is formed under the strong subsidence within the Siberian anticyclone. The strong thermal gradient (i.e., baroclinicity), between the very cold continent and the warm oceanic areas adjacent to the Continent, attributes to the frequent cyclogenesis over the western North Pacific. When the extratropical cyclone develops, a strong west-east pressure gradient occurs, between the Siberian anticyclone and the western North Pacific cyclone, and intense cold-air outbreak takes place simultaneously over East Asia. The rapid air-mass transformation takes place, when the cold and dry continental polar airs flow over the relatively warm Japan Sea, due to the large heat and moisture supplied from the sea surface. Large snowfalls occur over coastal areas of Japan, in association with the cold-air outbreak.
Since the polar-air outbreak and the air-mass transformation over the Japan Sea have strong influence on the weather and climate in Japan, many observational studies have been made from various viewpoints. Matsumoto et al. (1965) , Fukuda (1965 Fukuda ( , 1966 , Ishihara (1968) , Kurashima (1968) , Miyazawa (1968) and Akiyama (1981a, b) studied the large-scale conditions causing the heavy snowfalls. Manabe (1957) , Ninomiya (1968) , Kato and Asai (1983) made atmospheric heat and moisture budget analyses over the Japan Sea, using upper observation data at operational land stations. Hirose et al. (1996) evaluated the long-term mean surface heat fluxes over the Japan Sea, by the bulk dynamical method. Matsumoto and Ninomiya (1966a, b) , Matsumoto et al. (1968) and Yamagishi (1980a) studied the vertical structure of the transformed airmass in relation to cloud distribution, sensible and latent heats supplied from the sea surface. However, the aforementioned studies, except Yamagishi (1980a) , did not utilize upper observation data obtained at research vessels on the Japan Sea. The synoptic-scale variations in the polar airmass based on the observations over the Japan Sea have not made yet.
More reliable studies, using the upper observation data over the Japan Sea for a fairly long period, are still needed to understand further the synoptic-scale variations of the polar-air outbreak over the Japan Sea, and the snowfalls over the coastal area of Japan. Detailed studies about variations of the polar-air outbreak over the Japan Sea are also needed for the verification of simulations by regional models (e.g., Yamagishi 1980b; Nagata 1993; Yoshizaki et al. 2004 ) and simulations by the atmospheric general circulation models (e.g., Ninomiya et al. 2006 ) of the polar-air outbreak and the airmass transformation. This is the basic motivation of this article. The author keeps some results of observational study over the Japan Sea in the winter of 1976 and 1977, which have not been completed because of the change of his affiliation. This report will present basic descriptions about synoptic-scale variations of the polar-air outbreak over the Japan Sea in the winter of 1976 and 1977.
Data and outline of analysis
A field experiment the ''East Japan Sea Observation'' was carried out under the cooperation by the Sendai District Meteorological Observatory, the Marine Department of Japan Meteorological Agency (JMA), and the Meteorological Research Institute (MRI), in the midwinter of 1976 and 1977. Table 1 shows the sub-period of the ''East Japan Sea Observation''. During this experiment, 64 rawinsondes were released from a research vessel, Keifumaru (referred to as Ship-K hereafter). Figure  1 shows the location of Ship-K and a few operational upper air observation stations. Al- though, the location of the Ship-K fluctuated within a certain distance, this map shows the averaged location for each sub-period. Rawinsonde data at the standard pressure levels and the significant levels at Ship-K, Vladivostok (international station number: 31-960), Akita (47-580) and Wajima (47-600), obtained at 12-hour interval, were used for the detailed analysis. Since the surface pressure varies significantly, the p Ã -coordinate system, which was proposed by Rasmussen (1971) , and was used by Holland and Rasmusson (1973) for energy budget computations for the ''Barbados Oceanographic and Meteorological Experiment'', is used in this study. In this coordinate, p Ã is the difference between the pressure p and the sea level pressure p s , and is defined by
At first, the data on the p Ã -coordinate at 25-hPa intervals are interpolated from the data at the standard pressure levels and significant levels. Heat and moisture budget analyses are made for a triangular area surrounded by Ship-K, Akita and Wajima, which is noted by S-area hereafter in this report.
In addition, the objective analysis data produced by the Numerical Prediction Division of the JMA, and upper observation data at standard pressure levels from several operational stations, are used for the large-scale analysis in Sections 3 and 5. The relatively warm SST is observed over the Tsushima current, which flows northeastward along the coast of the Japan Islands. Large north-south gradient of SST is maintained over the Japan Sea. A cold water pool is pres- C than that in 1977. Figure 5 is the map of snowfall depth over the coastal area of northeastern Japan, averaged for the whole experiment period (26 Jan.-14 Feb. 1976, and 18 Jan.-8 Feb. 1977) . The data of daily snowfall depth were obtained at the stations indicated by the blacked dots in this map (data source: ''Monthly Weather Report of Akita, Yamagata, Niigata, Toyama and Kanazawa Local Meteorological Observatory). Snowfalls concentrated over the windward slope of mountains, with maximum snowfall depth of @20 cm d À1 . The snowfall depth over the analysis area (Fig. 5) , and the 850-hPa temperature at Wajima, averaged for these sub-periods are also shown in Table 1 . Among the four sub-periods, 1977B is characterized by the strong snowfalls and very cold temperature. A detailed energy budget analysis for 1977B was made separately by Ninomiya (2006) . Ninomiya (2006) also compares features of polar-air outbreak over the Japan Sea and over the Kuroshio region (AMTEX area).
The ''East Japan Sea Observation'' includes various cases of large-scale situations. By using this data set, we will be able to describe features of the polar-air outbreak, under various large-scale situations over the Japan Sea. Figure 6 shows vertical profiles of equivalent potential temperature y e at Vladivostok, Ship-K, Akita and Wajima, averaged for the whole observation period. The stable stratification is seen in the lower troposphere over Vladivostok. This stable stratification changes in the process of the air-mass transformation, as the polar airs flow over the Japan Sea. The vertical profile of y e at Ship-K, is characterized by the convectively unstable layer in 0-25 hPa ðp Ã Þ, and the quasi-uniform y e layer in 25-125 hPa. More thick uniform layers reaching to @200 hPa are present over Akita and Wajima. However, the stable layer is seen in 0-25 hPa ðp Ã Þ over these land stations. The vertical profiles of the temperature lapse rate (Fig. 7) , and the relative humidity (figure is not presented), indicate that the layer with quasi-uniform y e includes the sub-cloud layer and cloud layer capped by a stable layer. Figure 7 shows vertical profiles of G ¼ ÀðqT/qzÞ at Vladivostok, Ship-K, Akita and Wajima, averaged for the studied period. The large differences between the temperature lapse rate over these stations, are seen in the lower troposphere below @300 hPa ðp Ã Þ. Above this level, the lapse rates over these 4 stations indicate almost the same value of @0.6 K (100 m) À1 , which is the typical temperature lapse rate within the middle troposphere in winter.
Stratification of the polar air-mass
The very stable stratification in the lower layer over Vladivostok is due to the strong cooling of the polar air-mass over the continent. The lower layer over Ship-K is characterized by the super dry-adiabatic (i.e., unstable) lapse rate. The nearly dry-adiabatic lapse rate in 25-50 hPa ðp Ã Þ indicates the subcloud layer, while the moist-adiabatic lapse rate (@0.8 K (100 m) À1 in 50-125 hPa ðp Ã Þ indicates the cloud layer. The stable stratification in the lower layer (0-50 hPa) at Akita and Wajima show strong influence of the cold land surface. The moist-adiabatic lapse rate (@0.8 K The variations of the temperature lapse rate are next examined. Figures 8, 9 and 10 show the statistics of the temperature lapse rate G ¼ ÀðqT/qzÞ in each layer with 25-hPa interval at Vladivostok, Ship-K and Akita, respectively. The numerals indicate the occurrence frequency (numbers) of respective lapse rate, among the total observations. Variation range of G is very large in the lower troposphere over Vladivostok. The variation range is small in the lowest unstable layer and the mixed layer over Ship-K. At Akita, variation range of G is large in the lowest layer, meanwhile the variation range is small in the mixed layer in 50-200 hPa ðp Ã Þ. Figure 11 presents the appearance frequency of the top of the mixed layer at Ship-K, Akita and Wajima during the observation period. The top of the mixed layer at Ship-K, appears À1 ) in each layer at Ship-K. The numerals indicate occurrence numbers of respective lapse rate, among the total 64 rawinsonde observations. most frequently around 150 hPa ð p Ã Þ, while those at Akita and Wajima, appear most frequently around 250 hPa ðp Ã Þ. It should be noted that the profiles of y e for the individual cases (figure is not presented), indicate sharp increase of y e above the top of the mixed layer, while the vertical profiles of time averaged y e (Fig. 6 ) indicate relatively gradual change of y e around the top of the mixed layer. The time average made for all cases of the mixed layer results as the ''diluted profile of y e ''.
Large variations in the temperature lapse rate and the depth of the mixing layer, seen in Figs. 8, 9, 10 and 11, are associated with synoptic-scale variations of the polar-air outbreak, as analyzed in the following sections. Figure 12 shows latitude-time sections of the 500-hPa height, and the sea level pressure along 140 E meridian during the observation periods. Sub-period 1976A, 1976B and 1977A are characterized by the quasi-periodic passage of westerly troughs and ridges with 3 or 4-day interval. The cyclones and anticyclones propagate over the Japan Sea in association with the passage of the respective troughs and ridges. Meanwhile, the sub-period 1977B is characterized by a slow moving deep trough. Figure 13 presents time series data of ½ p s ð40 N; 135 EÞ À p s ð40 N; 145 EÞ, 500-hPa relative vorticity z 500 over @38 N/137 E, 500-and 850-hPa temperature (T 500 and T 850 ) at Vladivostok and Wajima, 850-hPa horizontal thermal advection over $38 N/137 E, and snowfall depth in the coastal area. Figure 13 shows the following sequence of synoptic events. The passage of a westerly trough (z 500 maximum) causes the development of a cyclone over the western North Pacific. The development of a cyclone causes the large west-east pressure gradient, and the strong polar outbreak (strong cold advection at 850 hPa). Under this situation, intense snowfalls tend to occur over the coastal area of Japan.
The synoptic-scale variations
However, Fig. 13 shows that several cases of intense snowfalls events occur simultaneously with the remarkable decrease of T 500 at Wajima, even if the cold-air outbreak is not extremely strong. About this, some additional analyses are performed. Figure 14 is the scatter diagram showing relations among Dp s ¼ ½ p s ð40 N/135 EÞ À p s ð40 N/145 EÞ, T 500 at Wajima, and the snowfalls over the analysis area. In many cases, the cold T 500 and large snowfalls occur in association with large Dp s . However, some cases of intense snowfalls appear in association with the very cold T 500 , even when Dp s is relatively small (i.e., 0- Figure 15A is the scatter diagram showing relations among T 500 at Wajima, T 500 at Vladivostok, and the snowfalls over the analysis area. Figure 15B is the scatter diagram showing relations among T 850 at Wajima, T 850 at Vladivostok, and the snowfalls. The variation ranges of T 500 at Vladivostok, and Wajima are @20 C. While the variation range of T 850 at Vladivostok is as large as @25 C, the variation range of T 850 at Wajima is only @15 C. It is also seen that T 850 at Wajima, does not decrease below @À15 C, even in cases of strong polar outbreak, since the heat energy supplied from the sea surface offsets partly the decrease of the temperature caused by the cold advection.
These diagrams also show that intense snowfall events are associated with decrease of temperature in the lower and middle troposphere. In some cases of intense snowfalls, T 500 at Wajima is colder than T 500 at Vladivostok. In these cases, the center of the cold vortex aloft moves southward from the Asian Continent to the coastal area of the Japan Islands. Matsumoto et al. (1965) , Fukuda (1965 Fukuda ( , 1966 , Ninomiya (1968) and Akiyama (1981a, b) , discussed that the decrease of the vertical stability and increase of the heat energy supplied from the sea surface under the cold trough and/or cold vortexes is one of the favorable conditions for the occurrence of the intense snowfalls. About this, variations over the S-area are examined. Figure 16 shows time series of U (zonal wind velocity), and V (meridional wind velocity) at 100 hPa ðp Ã Þ, y e at 500, 300 and 100 hPa ðp Ã Þ, p Ã t (p Ã at the mixed layer top), snowfall depth over the analysis area, and vertically integrated apparent total heat source in the mixed layer Q over the S-area. The upper bar indicates the average for the S-area.
The vertically integrated apparent total heat source in the mixed layer Q is evaluated by
Here p Ã t is determined as the pressure at the top of the vertically quasi-uniform y e layer seen in the vertical profile of y e , that is the 3-station (Ship-K, Wajima and Akita) averaged y e . H and lE are the sensible and latent heat fluxes at the surface, and Q R is the radiative heat energy source in the mixed layer. In Eq. (2), L, c p and g is the latent heat of water, spe- cific heat of air at constant pressure, and acceleration of gravity, respectively. The individual change of temperature ðdT/dtÞ, and that of specific humidity ðdq/dtÞ, are evaluated over the S-area (see Appendix). Q is given in unit of W m À2 . In this study, we discuss Q, as a thermodynamic measure of the airmass transformation, without evaluating H, lE and Q R separately. Ninomiya (2006) shows in the analysis for 1977B, that H is predominantly larger than lE and Q R . Table 2 shows p Ã t , y e at p Ã ¼ 100 hPa, total apparent heat energy source Q over the Sarea, and snowfall depth over the coastal area, averaged for each sub-period. The largest snowfall and the highest mixed layer top, appear in association with the largest Q and the lowest y e . Figures 13 and 16 show that the maximum of the northerly wind velocity in the lower troposphere, minimum of y e in low-middle troposphere, maximum height of the mixed layer, the maximum apparent total heat energy source, and the peak of snowfall appear almost simultaneously, in association with the passage of the synoptic-scale westerly troughs, and/or cold vortexes.
However, the weak stable condition is not al- ways associated by the cold-air outbreak, but, at times accompanied by the increase of y e in the lower troposphere due to the warm advection by the southerly wind, which is accompanied by the cyclone development over the Japan Sea (for examples, cases in 29 January 1976, and 02 February 1976 in Fig. 16 ).
6. Synoptic-scale conditions and height of the mixed layer top Figure 17 is the scatter diagram indicating the relation among the vertically integrated apparent total heat energy source in the mixed layer Q, y e at 100 hPa ðp Ã Þ and p Ã t . The larger value of Q tends to appear with the lower y e at 100 hPa ðp Ã Þ. It is also seen that the higher top of the mixed layer tends to occur in association with the larger Q and the lower y e , although there are several exceptional cases. Figure 18 presents a scatter diagram showing the relation between p Ã t and the vertically integrated apparent total heat energy source Q. The height of the mixed layer top tends to increase nearly proportionally with the increase of Q, until Q reaches @300 W m À2 . However, the height of the mixed layer top does not increase beyond @250 hPa ðp Ã Þ, even if Q increases beyond @300 W m À2 . Next, the relation between the downstream increase of the mixed layer top Dp Ã t and apparent total heat energy source Q will be examined. Here, Dp Ã t is defined by: t '' should be inferred. The vertical extension of the mixed layer is limited by the level of neutral buoyancy for the air parcel rising from the lowermost layer over the Japan Sea. Even under the condition of a very strong polar-air outbreak, the large apparent heat energy source Q does not cause further vertical growth of the mixed layer, beyond the level of neutral buoyancy. In that case, Q is mainly balanced by the strong horizontal cold and dry advection within the mixed layer, as shown in Fig. 11 of Ninomiya (2006) .
It is worth to study the vertical profiles of y e and that of apparent total heat source, for a few categories of the synoptic-scale condition. For this, the whole cases are first divided into ''the cold case'' and ''the warm case'', based on y e at 100 hPa ðp Ã Þ. While p Ã t does not change widely within ''the cold case'', p Ã t varies widely within ''the warm case''. Therefore, ''the warm case'' is further divided into three categories, according to p Ã t . Table 3 shows the definition for the four categories. Table 3 also presents the snowfall depth averaged for these categories. Figure 20 presents the vertical distributions y e and apparent total heat source, averaged for each category. The large apparent total heat source appears in the thick mixed layer in ''the cold case'', while relatively small apparent total heat source appears in the shallow mixed layer in ''the warm case''. Especially in the category D, very shallow mixed layer and very small apparent heat source, appear under the condition of high y e (@285 K) around 200 hPa ðp Ã Þ. Figure 20 shows that the variation of y e in the middle troposphere has significant influence upon the air-mass transformation.
Synoptic-scale conditions and snowfalls
The relation between synoptic-scale condition and the snowfall have been discussed in Section 5. Some additional analyses will be presented in this section. Figure 21 shows the relations among the snowfall depth in the analysis area, y e at 100 hPa ðp Ã Þ and y e at 500 hPa ðp Ã Þ at Ship-K. The slant lines in the diagram are the isolines of the vertical stability, expressed by ½y e ðp Ã ¼ 500 hPaÞ À y e ðp Ã ¼ 100 hPaÞ. At this point, the variation range of y e at 500 hPa ð p Ã Þ is @30 K. Meanwhile, the variation range of y e at 100 hPa ðp Ã Þ is @20 K, since y e at this level does not fall below @265 K, because of the airmass transformation. Many of the intense snowfall events occurred with the vertical stability ½y e ðp Ã ¼ 500 hPaÞ À y e ðp Ã ¼ 100 hPaÞ of @15 K. Table 3 . The top of the mixed layer, decided from the profile of y e averaged for each category, is indicated by ¼. Figure 22 shows the relations among the snowfall depth in the analysis area, y e at 100 hPa ð p Ã Þ and y e at 500 hPa ð p Ã Þ at Akita. At this station, the variation range of y e at 100 hPa ð p Ã Þ is @15 K, since y e at this level does not fall below @270 K. Most of the intense snowfall events occurred with the vertical stability ½y e ðp Ã ¼ 500 hPaÞ À y e ðp Ã ¼ 100 hPaÞ of @10 K. Almost the same features are seen at Wajima (figure is not presented), although y e at 100 hPa ð p Ã Þ does not fall below @275 K. Figures 21 and 22 show that the low temperature, and the decrease of vertical stability in the lower and middle troposphere are the basic condition for the intense snowfall. However, Figs. 21 and 22 show a few cases of intense snowfall events occurred in association with the relatively high y e in the middle troposphere. These cases correspond to the snowfalls associated with the passage of cyclones over the Japan Sea. Figure 23 is the scatter diagram showing the relation among p Ã t , y e at 100 hPa ðp Ã Þ, and the snowfall depth in the analysis area. Almost all cases of the intense snowfalls appear in the upper-left quadrant of this diagram. Intense snowfalls in the coastal area tend to occur with low y e in the mixed layer and the thick mixed layer over the Japan Sea. Figure 24 shows the relation between the snowfall depth in the coastal area, and apparent total heat source in the mixed layer Q. The considerable linear relation between them indi- cates that the large apparent total heat energy source Q is one of the favorable basic conditions of the intense snowfalls over the coastal area of Japan. However, some cases in Fig. 24 deviate significantly from the linear relation, since many factors, in addition to the energy source, also have significant influence on the snowfalls.
Concluding remarks
This report describes the synoptic-scale variations of the polar air-mass transformed over the Japan Sea, during the ''East Japan Sea Observation'' in the winters of 1976 and 1977. Data of rawinsonde observation at a research vessel on the central part of the Japan Sea are used in addition to data at operational upper and surface observation stations, and the objective analysis data.
The multi-layer structure of the transformed air-mass, including the unstable lowest layer and the mixed layer capped by the stable layer, is formed in the transformed airmass over the Japan Sea. The mixed layer, which includes the sub-cloud layer and the cloud layer, is characterized by nearly vertically-uniform equivalent potential temperature. The height of the mixed layer top is 1000-1500 m, on the average, over the Japan Sea. The height increases toward the south, and reaches to 2000-2500 m over the coastal area of Japan.
The height of the mixed layer top, and the total apparent heat source in the transformed air-mass vary widely in association with the synoptic-scale variations of polar-air outbreak. The height of the mixed layer top tends to increase (to @250 hPa in p Ã ), in association with the increase of the total apparent heat source (to @500 W m À2 ) in the mixed layer, and decrease of the equivalent potential temperature (to @270 K) in the mixed layer, and decrease of the vertical stability (to 1 K (100 hPa) À1 ) in the lower-middle troposphere. The snowfall depth averaged over the analysis area tends to increase (to @20 cm d À1 ) in association with the increase of the total apparent heat source over the Japan Sea. The dominant synoptic-scale conditions, which cause intense snowfall in the analysis area, are the strong polar-air outbreak and/or the passage of the cold vortex aloft over the Japan Sea. The latter case is not necessarly associated with intense polar-air outbreak.
Thus, the present report describes basic features of the synoptic-scale variations of the polar-air outbreak over the Japan Sea, and the variations of the snowfall over the coastal area of Japan, which will be compared with successive AGCM simulation studies.
Several observational and numerical studies (e.g., Matsumoto et al. 1967; Ninomiya 1989; Ninomiya and Hoshino 1990; Nagata 1993; Ninomiya et al. 1996 Ninomiya et al. , 2004 Yoshizaki et al. 2004) showed that mesoscale circulation systems were generated in the polar-air streams over the Japan Sea, under the influence of the synoptic-scale disturbances. Such phenomena are not studied in this report, because of the insufficient time and horizontal resolution of the observations.
Appendix Heat and moisture budget calculations
The heat and moisture budget calculations are made over the S-area, using data at Ship-K, Akita and Wajima, by following the budget calculation procedures proposed by Rasmusson (1971) .
The apparent heat source, and the apparent moisture source, are evaluated by 
and
Here, T and q indicates temperature and specific humidity, respectively.
The vertical p Ã -velocity o Ã ¼ dp Ã /dt ¼ Àdp/dt is obtained by
The vertical velocity at the surface o 0 is obtained by
